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Introduction
Tsunami waves are characterized by a long period (minutes to hours) and a long wavelength (hundreds of kilometers), consequently affecting the entire water column, and with a horizontal velocity almost constant from top to bottom. This explains the waves' great momentum, which (i) produces their extreme run-up; that is, their maximum vertical height onshore above sea level is higher than Manuscript received January 21, 2011; accepted August 8, 2011 .
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the height at the coastline; and (ii) gives them the same transport capacity as a four-times-higher storm wave (Bryant 2008) . These characteristics are reflected in their catastrophic nature and effects that often produce significant economic damage and even loss of lives; the waves are thus considered an important geohazard ). Therefore, the study of potential tsunamigenic sources is key in order to assess the hazard and risk to which a given coastal region is exposed. In the western Mediterranean Sea, the North African margin is the main tsunamigenic source, an active margin where convergent motion between the African and European plates has occurred since late Cretaceous (Auzende et al. 1975; Mauffret 2007) . Most of the earthquakes epicenters that have generated historical tsunamis in the western Mediterranean were located in this area. The most recent example is the Zemmouri, Algeria, earthquake ( ; fig. 1 Alasset et al. 2006) . This archipelago had previously been hit by tsunamis generated by earthquakes in 1856 and 1980, with epicenters in the Algerian margin (Jijel and El Asnam earthquakes, respectively; Soloviev et al. 2000 ). An assessment of hazard in the Balearic Islands related to tsunamis generated by the Algerian sources has been recently developed by Á lvarez et al (2010) .
Seismic activity often triggers submarine landslides, whose tsunamigenic potential has been recently recognized (Pelinovsky and Poplavsky 1996; Rzadkiewicz et al. 1996; Trifunac and Todorovska 2002; Watts et al. 2005) , as in the Papua New Guinea (Tappin et al. 1999 (Tappin et al. , 2008 Heinrich et al. 2000; McSaveney et al. 2000; Imamura and Hashi 2002; Watts et al. 2003) or Grand Banks earthquakes in 1929 (Fine et al. 2005) . Although there is no conclusive evidence of landslide-generated tsunamis in the North African margin, the relationship between the seismic events of El Asnam and its capacity to trigger submarine landslides was already proposed by El-Robrini et al. (1985) .
Submarine landslides are not necessarily linked to tectonic activity. Slope instability events with an elevated tsunamigenic potential, such as the Storegga Slide (Bugge et al. 1988; Dawson et al. 1988; Harbitz 1992; Bondevik et al. 2005a Bondevik et al. ,2005b , often occur in passive margins. A steep slope exceeding the internal friction angle, gas hydrate dissociation and/or the presence of free gas in the sediment are common triggering mechanisms of submarine landslides Sultan et al. 2004; Masson et al. 2006) . Cyclic sediment loading, similar to that produced by a seismic shock, can also be a product of storm waves (or recurrent tsunami waves) generating an excess pore pressure and consequent sediment failure (Lee et al. 2007 ). Dan et al. (2007) suggest that an increase in pore pressure was the trigger of the submarine landslide that generated the 1979 Nice tsunami in France, for which no seismic activity was recorded (Gennesseaux et al. 1980) . It is the only recognized landslide-generated historical tsunami in the western Mediterranean. Similarly, the 2002 tsunami reported in the Rhodes coast, eastern Mediterranean, was attributed to a submarine landslide without any seismic trigger (Papadopoulos et al. 2007 ). Moreover, several submarine landslide deposits have been thoroughly found in the Ebro, Catalan, and Balearic margins: among others, the BIG'95 debris flow (Lastras et al. 2002) , the four Eivissa Channel (Lastras et al. 2004b ) and the two Barcelona slides (Lastras et al. 2007) , the Balearic Promontory slides described by Acosta et al. (2003 Acosta et al. ( , 2004 , and the Torreblanca slide (Casas et al. 2003) . These landslides may have acted as nonseismic tsunamigenic sources, and in order to study their tsunamigenic potential, two different approaches can be used: (1) the analysis of similar historical precedents, and (2) the numerical modeling of the process (Skvortsov 2002) .
This article presents the analysis of the tsunamigenic potential of the BIG'95 debris flow, in the Ebro continental margin, western Mediterranean ( fig. 1) , which is the youngest relatively large landslide known in the area (11,500 cal yr BP; Lastras et al. 2002) . The analysis is based on the characteristics (slope gradient, volume of deposit, and estimated downslope velocity), as described by Lastras et al. (2002 Lastras et al. ( , 2004a Lastras et al. ( , 2005 , by applying the Cornell multigrid coupled tsunami numerical model (COMCOT) from Cornell University (Liu et al. 1998) . We aim to obtain a present-day, sea-level highstand reasonable scenario for the generation and propagation of the BIG'95 debris-flow-generated tsunami. Propagation and impact of the tsunami waves to nearby coastlines is assessed with regard to arrival times and submarine and coastal morphology, and especial attention is given to the Balearic coast. This study aims to understand the processes of tsunami generation, propagation and impact in a currently highly populated area, with a long geological record of potentially tsunamigenic submarine landslides, and social and economic factors centered in summer beach tourism that increase tsunami risk in terms of vulnerability and exposure of human lives.
Geological Setting
The Valencia Trough, western Mediterranean Sea, is an extensional basin (Roca et al. 1999 ) that separates the Balearic Promontory to the southeast and the Ebro and Catalan margins in the Iberian Peninsula to the northwest ( fig. 1 ). The basin is partially closed by the Eivissa channel to the south, and it opens to the northeast into the Provençal Basin (Canals et al. 1982) .
The passive terrigenous Ebro continental margin has one of the widest shelves in the western Mediterranean, up to 70 km wide, mainly as a result of the Ebro river sediment input during the Plio-Pleistocene (Nelson and Maldonado 1990) . Its steep continental slope (up to 14Њ in gradient) starts at about 130-m water depth and is cut by several canyon systems (Canals et al. 2000) . The architecture of the margin is the result of the interaction between subsiding grabens, glacio-eustatic sea-level oscillations and sediment source controls (Farran and Maldonado 1990) . The base of slope is occupied by either incised or filled channel-levee complexes and aprons where sliding, turbidity currents, and hemipelagic settling are the dominant sedimentary processes (Nelson and Maldonado 1988) . The Catalan margin to the north has a narrower continental shelf, up to 20 km wide, and is segmented by large submarine canyons incised almost up to the coastline (Amblas et al. 2006; Lastras et al. 2011) .
The carbonated Balearic Promontory has a narrow continental shelf (e.g., 10 km on average in Eivissa and 15 km in Mallorca), with the Menorca channel, in between the islands of Mallorca and Menorca, being the only exception. No submarine canyons exist in the northwestern slope of the Balearic Islands. The northeast-trending Valencia Channel, a midocean channel-type submarine valley (Canals et al. 2000) , occupies the axis of the Valencia Trough and collects sediments from the bounding margins, funneling them to the Valencia Fan and the Provenç al Basin. Given the differences between these margins, the Catalano-Balearic Basin displays a clearly asymmetric morphology ( fig.  1 ). Several magmatic structures are present in the area, including seamounts and emerged volcanic outbuildings such as the Columbretes Islets, which outcrop in the southern Ebro outer continental shelf (e.g., Maillard and Mauffret 1993; Muñ oz et al. 2005) .
The BIG'95 debris flow deposit covers 2200 km 2 of the Ebro continental slope and base of slope at depths ranging from at least 600 to almost 2000 m (Lastras et al. 2002;  fig. 1 ). It has been studied by means of geophysical (swath bathymetry, sidescan sonar, very-high-resolution seismic reflection profiles) and sedimentological (sediment cores, geotechnical analyses) techniques. The deposit volume has been estimated to be at least 26 km 3 (Lastras et al. 2002) . Although there is no proven triggering mechanism of the debris flow, a set of factors increasing instability in the Ebro region have been suggested, including rapid sedimentation and underconsolidation, seismic activity, and the presence of a buried volcanic dome related to the Columbretes field underneath the deposit (Lastras et al. 2004a) .
A conceptual and numerical model of the BIG'95 debris flow was developed by Lastras et al. (2005) in order to describe and characterize the complex sediment dynamics of this particular event. The deposit is divided into four different areas: the source area where the main and secondary scars are located (i), the proximal (ii) and intermediate (iii) areas where blocks of cohesive sediment are found, and the distal depositional area (iv). The model discerned two main sediment types: a totally remolded or loose fraction and a more cohesive one forming blocks. Both phases had a dissimilar dynamic behavior, being the main difference the larger motion capacity of the loose fraction. Whereas runout of the loose material was 110 km, reaching the distal depositional area and stopping after 73 min, blocks reached only the proximal and intermediate areas (at a distance of about 15 km; Lastras et al. 2002 Lastras et al. , 2005 . In the numerical simulations, the loose fraction speed reached 50 m s 
Methods and Data Set
The COMCOT numerical model has been specifically developed by the Cornell University to simulate tsunamis. It uses the staggered leapfrog finite differences to resolve the shallow water equations (Wang 2006) . In addition, this program allows incorporating a time-dependent bathymetry into the equations. This is the main difference between submarine landslide and earthquake-generated tsunami simulations, since in the former, the bathymetry changes gradually during the whole event, and in the latter, movement is considered to be instantaneous. Simulations with COMCOT model take place in different spatial scales, using a nested grid system dynamically coupled.
Therefore, a series of bathymetric grids reflecting seafloor changes during the slide motion have to be constructed as an input for the model ( fig , where different models of multibeam acquisition systems were used (Simrad EM12S, EM12D, EM1002, EM12S, and EM300, respectively). Lower-resolution data provided by the Instituto Españ ol de Oceanografía, including topographic data, were used for areas not covered during these surveys.
The bathymetric grid at time 0 represents the water depths before the landslide. This initial bathymetry ( fig. 3A ) has been prepared by joining bathymetric data from the continental slope surrounding the BIG'95 debris flow headwall and deposit together with inferred isobaths drawn within the landslide limits, as defined by Lastras et al. (2002 Lastras et al. ( , 2004a Lastras et al. ( , 2004b Lastras et al. ( , 2005 and Urgeles et al. (2006) , and in agreement with the volume of the deposit (26 km 3 ) calculated from very-high-resolution (topographic parametric sonar) seismic reflection data ( fig. 2A ; Lastras et al. 2002) . Resolution of the initial grid is 50 m, so that channels and depressions buried by the debris flow (Lastras et al. 2004a ) are represented ( fig. 4) .
For each intermediate step we consider the characteristic shape of a moving debris flow (Rzadkiewicz et al. 1996; Mohrig et al. 1998; Shanmugam 2000) together with the position of the landslide front and the thickness of the sliding mass obtained from numerical modeling. Slide thickness has been checked to ensure that effective volume, that is, mobilized material that produces a change in the bathymetry, is conserved between consecutive time steps ( fig. 2B ). The vertical displacement at each cell of the grid is shown in figure 4. Sediment ). Grids are evaluated by checking the eroded and deposited volumes with respect to the 0 ! n ! f prior time-step sum zero. If the volumes are incongruent we rebuild the debris flow area bathymetry at this timestep (t n ). Isobaths files are represented as lines and grids as squares. Available data are represented in black and constructed data in light and dark gray for initial bathymetry and time-step grids, respectively. that occupies a volume previously also occupied by sediment in two consecutive time steps does not account any change in bathymetry, and thus is ineffective in terms of tsunami generation (Trifunac and Todorovska 2002) . Effective volume calculated for the BIG'95 debris flow is 17 km 3 , which is 66% of the total landslide mass.
Each bathymetric grid, the initial, intermediate, and final time steps ( fig. 5 ), has been integrated in a larger grid of the study area (zone 1, 200-m cell size) that also includes the topography of the adjacent mainland and the Balearic Islands ( fig. 6 ). All grids have been projected in Cartesian coordinates (UTM 31N, WGS-84). COMCOT model allows improving the resolution of the output in specific areas through grid nesting. We have used two secondary grids: zone 2 (100-m cell size, nested in zone 1), centered in the continental shelf, slope, and rise offshore Palma Bay; and zone 3 (50-m cell size, nested in zone 2), focused in Palma Bay ( fig. 6 ). Grid cell sizes and computing time step (0.5 s) were chosen to satisfy the Courant condition; that is, the time interval used is shorter than the time required for the wave to cross a spatial cell, in order to make the computations stable and avoid generation of erroneous small-scale oscillations. The total duration of the simulation is 9000 s so that it includes the whole landslide motion (4380 s) and extra time for the visualization of the propagating waves.
Results
The output of the simulation of the BIG'95 landslide-generated tsunami allows to measure free water surface changes at any point along time. The height wave plots show that the landslide produces a dipole wave with a trough (blue in fig. 7 ) located over the sediment source area in the upper slope and an adjacent crest (red in fig. 7 ) to the southeast.
This initial wave radially spreads, and progressively becomes deformed, acquiring an ellipsoidal shape whose major and minor axes are northeastsouthwest and northwest-southeast, respectively. The northwestern covertex is formed by a tsunami wave train that advances toward the Iberian Peninsula at a significantly slower speed, with a greater amplitude and a smaller wavelength than the outgoing wave, which is directed toward the Balearic Islands. The outgoing wave would impact the coast of Eivissa Island 18 min after the triggering of the landslide and reach Mallorca Island 9 min later (27 min since the initial trigger). The slower back-going tsunami wave would arrive to the Iberian Peninsula 54 min after the initiation of the landslide, first reporting a negative amplitude (fig. 7) . The plots of the nested Palma Bay grids (zones 2 and 3 in fig. 6 ) show the wave already into Palma Bay 44 min after the landslide was triggered and hitting the coast inside the bay before 60 min ( fig. 8) , with an amplitude of between 2 and 3 m.
Wave amplitudes can be analyzed by using synthetic marigrams. These have been calculated along a computation time of 150 min at five different stations ( fig. 9) , two above the source area (stations 1 and 2, 900 and 1250-m water depth, respectively; fig. 9 ) and three near the coastlines north of Eivissa (station 3, 10-m water depth; fig Free surface at far-field station 3 remains at rest until around 18 min after the landslide. At that time, a wave crest up to 8 m high with a first period of 10 min arrives, followed by a sea level drop of almost 4 m. This implies a free surface change of nearly 12 m in less than 5 min. The same first crest arrives at the Mallorca coast after 27 min, with amplitudes up to 4 m in height at far-field station 4. The highest wave recorded in these coastal stations reaches Castelló 64 min after the triggering of the landslide, and is 9 m high and around 25 min in period. This maximum height is preceded by a 6 m deep trough arriving after 54 min, yielding a total 15 m of free surface change.
Using the maximum resolution grid (zone 3 in fig. 6 ), six other stations have been computed in and around Palma Bay above !10-m water depth ( fig. 10 ). The amplitudes of the waves arriving to Palma Bay are approximately 3 m high in all the stations for the first crest, with periods between 10 Wave spectra of the time series of zone 1 stations have been obtained using the fast Fourier transform ( fig. 11 ). The graphic shows that the station with higher energy content is Castelló station (point 5 in fig. 9 ) with its energy concentrated at lower frequencies (30-min period). The other spectra have a lower energetic content concentrated at higher frequencies. The highest value at high frequencies (between 5 and 15 min) was obtained in the Eivissa station. Despite difference in energy content, the main oscillation periods match in all five stations ( fig. 11) .
The maximum elevations plot ( fig. 12) shows the maximum free surface elevation reached at each cell in zone 1 during the complete simulation run. 
Discussion
The wave generated by a submarine landslide such as the BIG'95 debris flow mainly depends on the volume and mass of the landslide, its depth, the slope angle of the sliding surface, and the speed of the landslide movement, with the volume and the velocity being the most important (Pelinovsky and Poplavsky 1996; Papadopoulos and Kortekaas 2003; Harbitz et al. 2006) . Knowledge of most of these parameters can be attained using geophysical methods, and the velocity of the slide is generally inferred from numerical modeling or by indirect evidence (e.g., timing of successive submarine cable breaks). The combination of all these factors makes it difficult to set the threshold value for each of these parameters at which a submarine landslide becomes tsunamigenic.
The tsunamigenic character of the BIG'95 debris Figure 7 . Height of the generated tsunami wave at different times, computed for zone 1 (see fig. 6 ). The first snapshot shows the generation of the tsunami wave and its spread. At 18 min the tsunami wave is arriving at the northern coast of Eivissa. At 27 min, it hits the westernmost coast of Mallorca, and at 54 min, the wave train is hitting the Castelló coast on the Iberian Peninsula. The dark gray areas are considered emerged land by the model, and thereby output data for water-free surface calculations is lacking. The light gray lines superimposed on these areas represent the current coastline. R1, R2, and D show the wave reflection, refraction, and diffraction, respectively. COMCOT p Cornell multigrid coupled tsunami model. flow event was demonstrated in "Results," and the parameters of this landslide are consistent with those of some historic tsunamigenic submarine landslides. For instance, the volume involved in the failure that generated the 1998 Papua New Guinea tsunami, which caused 2200 deaths, was 6.3 km 3 , and its estimated velocity was 35 m s Ϫ1 (Tappin et al. 2008) 3.6 # 10 slope and both fore-and aftershock events (Perissoratis and Papadopoulos 1999), and thus it can not be considered a pure landslide-generated tsunami.
The computed tsunami in our study has the common characteristics of a tsunami generated by a submarine landslide, consisting of a rounded dipole with a leading elevation phase originated on the region of deposition and a leading depression phase above the source area ( fig. 7 ; Fine et al. 2005; Rahiman et al. 2007 ). This contrasts with the elongated dipoles generated by earthquakes that hinder the fast radial damping characteristic of the (5); wd p the water depth over which each station is located (see inset for location). Note the different arrival times, periods, wave heights, and polarities. rounded or punctual sources. Their rounded geometry can explain the accentuated effects of these kinds of tsunami triggers , being the type of the source a key point to assess the energetic behavior of a given event.
This behavior is also heavily dependent on the propagation of the tsunami wave and its approach to the coast as it is modified by the morphology of the seabed. Thus, the resolution of bathymetric data plays a critical role in simulation studies. In our simulation, the back-going tsunami waves reach the Ebro continental shelf edge, which produces a wave refraction (R2 in fig. 7 ). Due to this refraction, the wave front becomes parallel to the bathymetric lines. Moreover, the !130-m-deep Ebro shelf produces a strong shoaling effect that, in addition to delaying the arrival of the wave train to the coast, significantly increases the amplitude of the waves, explaining the large area with elevated maximum height values in the amplitude plot ( fig.  12) .
Outgoing wave speed, amplitude, and length depend on the direction of the front. Outgoing waves directed to the northeast are the fastest, due to the increase in depth towards this direction, corresponding to the Valencia Channel axis (fig. 7) . The wave front directed to the southeast, which matches with the landslide movement, have higher amplitudes ( fig. 12 ). This front encounters two obstacles in its propagation: Mallorca and Eivissa Islands, which produce both reflection and diffraction effects. The reflected waves develop over the exposed side of the islands, and spread back to the Catalano-Balearic Sea (R1 in fig. 7 ). Diffraction, in contrast, is produced between the topographic obstacles, as in the Eivissa and the Mallorca channels (D in fig. 7 ), where two new, weaker wave fronts develop. Mallorca Island is large enough to create a shadow zone that prevents the arrival of significantly high waves to its leeward side. This shadow zone includes Menorca Island and the southeastern coast of Mallorca. However, the obstacle effect of the Eivissa Island is much smaller, and Formentera and the southern Eivissa coast are unprotected against the effects of the diffracted wave front. This is in agreement with the records of the earthquakegenerated tsunami from North Africa that hit the area on May 23, 2003. During this event, the shadow zones of Mallorca and Eivissa islands, located leeward in relation to the source (Zemmouri, Algeria; fig. 1 ), received a different tsunami impact: low amplitudes, if any, were recorded north of Mallorca, whereas damages were reported in the northern coast of Eivissa (i.e., Sant Antoni Bay; fig. 1 ; Alasset et al. 2006 ).
The differences in amplitude recorded along the coast covered in our study show the importance of local studies, proving that due to the basin configuration and the coastal morphology, some regions are much more susceptible to tsunami flooding than others during the same event. Moreover, each site has local characteristic oscillations defined by the topography and bathymetry of the corresponding coast and the adjacent shelf (Marcos et al. 2009 ).
Where the natural period of oscillation of a bay or port matches with the incident tsunami wave train period, amplification or resonance phenomena may occur, notably increasing the destructive capacity of the wave. In Balearic harbors such as Maó and Ciutadella (Menorca; fig. 1 ), resonance effects often occur due to atmospheric gravity waves known as seiches (Monserrat et al. 1991) , which have caused important damage in historic times. A similar effect could be produced by tsunami waves (Otero 2008) , whose period is similar to that of atmospheric gravity waves typical in this region. These cannot be observed in our study, since these ports are located at the shadow zone with respect to the BIG'95 debris flow, where no significant amplitudes were obtained and not enough grid resolution is available to study these local effects. Nevertheless, grid size of zone 3 allows observing that no resonance effects are induced in Palma Bay by the leader waves generated. Its wave periods (10-15 min) are smaller than the natural oscillation of Palma Bay, between 17 and 20 min (TRANSFER 2009). However, coastal features such as small bays with natural oscillation periods smaller than 10 min can generate resonance effects (e.g., Santa Ponç a; fig. 10 ). Periods of tsunamis generated by Algerian coast seismic sources (Alvarez et al. 2010) are larger than those generated by submarine landslides.
Wave spectra usually have a strong variability due to local bottom morphology, causing the same tsunami event to yield different spectral outputs for each station, as in the case computed for the BIG'95 tsunami ( fig. 11) . The common general characteristics in the oscillation periods are the signature of this specific source. The wave spectrum of Castelló station differs from the rest mainly at low frequencies (long periods), related to local topography and its major effect on long wave oscillations at Castelló site. The prominent peak at 30 min in that station ( fig. 11 ) could be caused by resonant excitation of trapped edge waves on the Ebro shelf, since resonance effects on the shelves often occur at low frequencies (Abe 2001; Pelinovsky et al. 2009; Ivelskaya et al. 2010) . The low energy content in the spectra of both source and deposit stations is due to the distance to the coast, which prevents any resonance effects.
Numerical simulations also yield important information on wave arrival time at different locations, which is only dependent of the bathymetry. High-resolution data sets are necessary to estimate realistic arrival times. In our study area, the difference in arrival times would give very little leeway (only ∼37 min) to forecast and warn about the tsunami arrival at the Iberian Peninsula once it had been reported in Eivissa coasts.
The large urban concentrations and infrastructures in our study area are located mainly along the coastline, particularly in the case of the Balearic Islands, which have a high dependence on maritime communications. Moreover, the local economy is centered in summer tourism, which tends to locate facilities and buildings on the coast. This produces a large hourly and seasonal variation in population exposure at the shore, which could be very elevated during beach hours on summer. High exposure to a potential tsunami affecting the coast entails a high vulnerability and, therefore, an elevated risk for these communities. Risk also depends on hazard and therefore on tsunami frequency (i.e., its recurrence interval; ten ). Although no landslide recurrence studies are available for the Catalano-Balearic Sea, at least two major mass wasting deposits are embedded within the PlioQuaternary sequence in the BIG'95 debris flow area as seen in seismic reflection profiles (Lastras et al. 2004a) , which sum up to several smaller landslide deposits observed throughout the Valencia Trough (Lastras et al. 2007 ). The lack of precise dating of such deposits prevents establishing a realistic recurrence time for landslide events in the CatalanoBalearic Sea.
Short earthquake records available in the North African margin avoid inferring an accurate recurrence time for seismic events, although Swafford and Stein (2007) infer a 95-yr mean recurrence for events in the area. Tsunami watch and M ≥ 7 w warning statements are issued by NOAA/WEST Coast and Alaska Tsunami Warning Center when an earthquake exceeds the threshold magnitude that has been calculated for a given area, using the historical record (Whitmore et al. 2009 ). Given that El Asnam ( ) and Zemmouri ( ) M p 7.3 M p 6.9 w w earthquakes were tsunamigenic, similar M ≥ 7 w events could be considered as probably tsunamigenic, thus yielding an inferred tsunami recurrence time of 95 yr. Although this earthquake-generated tsunami recurrence time is much shorter than the landslide-generated tsunami one, the later can be much larger, at least if we compare the computed BIG'95 generated tsunami with either the measured one produced by the Zemmouri earthquake or the simulated for other North African earthquakes (TRANSFER 2009; Alvarez et al. 2010) . Urgeles et al. (2006) have calculated that the present-day slope in the BIG'95 debris flow area is safe (factor of security 1.77) and that a pseudostatic acceleration of almost 0.1 g is needed to promote further failure; thus, the potential of such an event at present is low in the absence of a significant earthquake shock. Nevertheless, it should be noted that the BIG'95 debris flow is not the only mass-wasting event identified in the Valencia Trough, and several, although smaller, landslide masses whose tsunami potential is yet to be investigated have been identified throughout (Lastras et al. 2007 ). The BIG'95 debris flow deposit has been dated to have occurred at prehistoric times (Lastras et al. 2002) , and the generated tsunami has been simulated in this work in present-day conditions. At that time, sea level was located ∼40-50 m below the present sea level (Lambeck and Bard 2000; Lambeck et al. 2011) . Obviously, this caused coastlines to be located at a shorter distance from the current continental shelf edge than at present. The generated wave above the source and depositional areas would not be different from that simulated under present-day conditions, since water depth differences between the two periods would be !4%-5% at 1000 m water depth. Thus, the BIG'95 debris flow would also be tsunamigenic in prehistoric sealevel conditions, but its effects should be somehow different taking into account that (1) a smaller shoaling effect would exist on the Iberian coast, but (2) the coast would be located closer to the source area and dissipation of the wave would be minor with respect to current-day conditions.
Conclusions
Using the COMCOT tsunami model, we have demonstrated that the 11,500 cal yr BP BIG'95 submarine debris flow in the western Mediterranean was capable of triggering a local tsunami. The landslide would produce a rounded dipole tsunami wave with a negative back-going wave directed toward the Iberian Peninsula and a positive outgoing wave toward the Balearic Islands. This rounded dipole is in agreement with that expected from a pointsource generated tsunami, in contrast to elongated dipoles generated by line-source generated tsu-nami, such as those triggered by earthquakes (e.g., movements along a linear fault).
In a present-day scenario, the first wave arrival would occur in the northern coast of Eivissa Island 18 min after the triggering. A strong shoaling effect produced by the presence of the Ebro continental shelf would increase wave height (up to 9 m) and delay arrival time to the Iberian Peninsula (54 min since triggering). The period of the leading waves, between 10 and 15 min, would produce resonance effects in little bays with natural oscillation periods shorter than 10 min, notably increasing wave amplitude (up to 9 m in Santa Ponç a Bay).
The presence of the Mallorca and Eivissa islands, which are obstacles for the wave spreading, produce both wave reflection and diffraction effects. Mallorca Island is large enough to create a protected shadow area to its southeast, whereas Eivissa Island does not produce such an effect, and its leeside coasts, together with Formentera coasts, could be hit by the stronger diffracted front wave.
Numerical simulations are a useful tool to assess tsunami hazard in places where local bathymetry and topography could amplify considerably the wave effect, as well as delay the wave arrival to the coast. In order to obtain high quality simulations, a good assessment of both bathymetry and landslide parameters is required.
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